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Abstract – Extirpation or even extinction of freshwater invertebrate species is a neglected conservation issue;
declines in abundance and spatial distribution for freshwater invertebrates are far less documented than for
vertebrate species. In the Minho River tidal freshwater wetlands (northwest of Iberian Peninsula), a rapid
decline in density and biomass of the bivalve Pisidium amnicum was recorded at 16 diﬀerent sites over
seven years, from 2004 to 2010, without any sign of a potential recovery. Mean density values reached more
than 80 ind.mx2 in 2004, but declined to less than 1 ind.mx2 in 2009 and 2010. An identical declining trend
was observed for biomass. A signiﬁcant reduction in the spatial distribution also occurred. The abiotic changes
resulting from the 2005 heat wave and possibly the negative interactions imposed by the non-indigenous
invasive bivalve Corbicula ﬂuminea were the main factors responsible for the declining trends. Given the very
low density, P. amnicum is facing a serious risk of extirpation in this ecosystem and conservational measures
are urgently needed.
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Introduction
Freshwater ecosystems are among the most threatened
areas on the planet in terms of biodiversity loss (Strayer
and Dudgeon, 2010; Vo¨ro¨smarty et al., 2010). Despite this
growing evidence, there is still disproportionately little
research on these ecosystems, relative to terrestrial systems
(France and Rigg, 1998; Sala et al., 2000; Lawler et al.,
2006). Although freshwater ecosystems foster for impor-
tant ecological functions and services (e.g. ﬂood protec-
tion, water quality improvement, carbon storage, nutrient
cycling, species habitats, food sources, navigation routes,
recreational activities and hydrologic connectivity en-
hancement; Malmqvist and Rundle, 2002), these areas
are facing threats resulting in habitat degradation and
biodiversity loss (Higgins et al., 2005; Zedler and Kercher,
2005). Most of these threats are due to human activities
that include extensive habitat deterioration caused by
sediment loading and organic pollution, toxic contamina-
tion from municipal and industrial sources, stream
fragmentation and channelization, ﬂow regulation by
dams, dredging activities, overexploitation of resources,
introduction of non-indigenous invasive species, climate
change and exploitation of water for consumption,
irrigation and electricity generation (Malmqvist and
Rundle, 2002). These anthropogenic activities have re-
sulted in high extinction rates that are likely under-
estimated since some extinctions, both at regional and
global scales, are not reported due to lack of knowledge
and/or taxonomic expertise, especially for less studied taxa
(Ricciardi and Rasmussen, 1999; Dudgeon et al., 2006).
Freshwater bivalves are fundamental in terms of
biodiversity and ecosystem functioning (e.g. food resource
to higher trophic levels, some species are parasites of
ﬁshes, clearing the water and creating habitat for other
benthic species; Spooner and Vaughn, 2006; Vaughn and
Spooner, 2006) and are also recognized as a faunal group
at a high risk of extinction (Lydeard et al., 2004; Strayer
et al., 2004). However, the number of studies carried out
with these animals continues to be scarce and numerous
ecological and conservation gaps still exist (Watson and
Ormerod, 2005; Re´gnier et al., 2009).*Corresponding author: ronaldo.sousa@ciimar.up.pt
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The sphaeriid Pisidium amnicum is a common fresh-
water species in Europe, occurring mainly in the northern
and central European countries (Holopainen, 1979;
Dyduch-Falniowska, 1983; Zettler, 1996; Zettler and
Daunys, 2007). P. amnicum is the largest species in the
genus, reaching 11 mm, and is hermaphroditic with
facultative autogamy and ovoviviparity incubating their
eggs in brood sacs inside the inner gills. Each individual
can release several juveniles, up to 2 mm long, directly to
the sediment (Dillon, 2000). Both iteroparous and semel-
parous populations exist, and the number of incubated
larvae may vary, since the southern European population
(Portugal and Spain, Minho River) has a maximum of
73 (Araujo et al., 1999) and the northern population
(Finland, Lake Pa¨a¨ja¨rvi) has a maximum of 12
(Holopainen, 1979). Their size and life span (1–3 years)
also have latitudinal diﬀerences (Holopainen, 1979;
Araujo et al., 1999) and in the Minho River the life span
was estimated to be about two years (Sousa et al., 2008b).
Growth was continuous throughout the life cycle with
a clear acceleration in the ﬁrst months, which were coin-
cident with the spring and summer periods (Sousa et al.,
2008b). P. amnicum lives at the surface of the sediments
and obtains nutritional resources by ﬁltering food from
the sediment and interstitial water (Holopainen, 1979).
This study focuses on changes at the population level
induced or potentiated by extreme climate events, using
a population of the freshwater bivalve P. amnicum in the
Minho River tidal freshwater wetlands (TFWs) (northwest
of the Iberian Peninsula) as a case study. This population,
at the southern limit of the species distribution in Europe,
experienced a rapid decline after 2005. The main factors
that seem to have contributed to this rapid decline are
discussed, with the hope that this study can help to
increase the attention given to the dramatic decline that
several freshwater invertebrates have been facing in the
last few decades.
Material and methods
Study area
The Minho River estuary is located in the northwest of
the Iberian Peninsula and has a maximum length of
approximately 40 km during summer/early autumn. This
estuarine area is part of a Natura 2000 site that includes
all the international section of the river. This study was
conducted in the Minho River TFWs with a length of
approximately 30 km (Fig. 1). The studied area is very
shallow (few sites have more than 5 m depth) and includes
biotypes with mobile and rocky substrata. River walls and
other landscape features provide rocky substrates.
Biotypes with mobile substrata occur in intertidal and
subtidal areas and comprise areas close to the banks,
extensive sand and mud ﬂats, inlets that form small bays
and as marsh existing in the margins and on the various
islands. This estuarine area is described in more detail in
earlier studies including the characterization of the benthic
and epibenthic assemblages along the estuarine gradient
(Sousa et al., 2005, 2007, 2008c, 2008e; Costa-Dias et al.,
2010).
Sampling strategy and laboratory analysis
There were two diﬀerent sampling strategies: (i) a
monthly sampling programme from January 2005 to
August 2006 conducted at three diﬀerent sites (sites 9, 11
and 12) of the Minho River TFWs (Fig. 1) and (ii) an
annual sampling program from 2004 to 2010, carried out
in October of each year at 16 diﬀerent sites along the
estuarine gradient (Fig. 1). All sites were subtidal with soft
sediment substrates, being sites 9, 11 and 12 chosen to
assess P. amnicum secondary production (Sousa et al.,
2008b) and because they had the highest densities before
the 2005 heat wave.
Abiotic variables were measured at high tide during
each site visit. For temperature, conductivity, total
dissolved solids, redox potential, salinity, dissolved oxygen
and pH measurements were made, in situ, close to the
bottom, using a multi-parametric sea gauge YSI 6820.
Water samples were collected at the surface to assess
nitrites, nitrates, ammonia, phosphates and hardness,
using colorimetric methods in the laboratory. Sediment
samples were collected and analyzed for granulometry and
organic matter content, following the methodology de-
scribed in Sousa et al. (2006).
P. amnicum quantitative samples were obtained using
a Van Veen grab with an area of 500 cm2 and a maximum
capacity of 5000 cm3. For the monthly sampling program,
six replicates were collected per site (ﬁve replicated
samples for biological characterization and one for
sediment analysis). For the annual sampling program, ﬁve
replicates were collected per site (four replicated samples
for biological characterization and one for sediment
analysis), except in 2004 when three replicates were
collected (two replicated samples for biological character-
ization and one for sediment analysis). The biological
samples were processed through a 500 mm sieve and
P. amnicum individuals were separated and measured; all
individuals with a shell length less than 4 mm were
considered juveniles as described in Araujo et al. (1999).
P. amnicum biomass was calculated using the ash-free dry
weight (AFDW) method following Sousa et al. (2006).
Data analysis
Information about the monthly cumulative river ﬂow
from 1990 onwards was gathered from the Foz do Mouro
hydrometric station using data from the Water Institute of
Portugal (INAG). We calculated the mean monthly
cumulative values along the last 20 years as a proxy of
a normal year and diﬀerences in the mean annual cumula-
tive river ﬂows for the years 2004–2010 were tested using
ANOVA.
Principal component analysis (PCA) was carried out
for ordination of sites based on the abiotic factors
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measured during the annual sampling (mean values from
2004 to 2010). Prior to the analysis, values were normalized
to avoid skew in the dataset. Additionally, an ordination
analysis was performed, using group average linkage and
Euclidian distance, in order to separate sampling sites into
groups with similar environmental characteristics. These
analyses were carried out using the PRIMER 6 package
(Clarke and Warwick, 2001). Since most data departed
from normality (Shapiro–Wilk’s W test), comparisons in
density and biomass of P. amnicum along space and time
were made using the non-parametric Mann–Whitney U
test (pairwise) or Kruskal–Wallis (multiple comparisons)
using Statistica version 7 (Statsoft, 2004).
Results
Historical data of the cumulative river ﬂows measured
at the River Minho from October 2004 to September 2010
plus the mean monthly values of the last 20 years are given
in Figure 2. The mean annual cumulative river ﬂow for the
years 2004–2010 were clearly distinct (F=3.58; P<0.01).
Comparing the cumulative river ﬂow measured during the
period comprising October 2004 to September 2010 with
the mean values based on data of the last 20 years, we
clearly observe a lower cumulative river ﬂow during 2005.
The PCA matrices of abiotic factors versus sites (Fig. 3)
reveal a clear pattern along the estuarine gradient. From
the projection against the ﬁrst axis of variability (34.0% of
the variance explained), sites appear distributed along
a physical and chemical gradient, with the sites with ﬁner
sediments and high organic matter content (sites 2 and 7–
12) along one edge and the sites with coarser sediments
and low organic matter content (sites 1, 3–6 and 13–16)
located on the other. Along the second axis (23.3% of the
variance explained), the distinction of the sites was mostly
related to the abiotic factors measured in the water
column, mainly conductivity, with sites with higher
Fig. 1. Map of the Minho River estuary showing the 16 sampling site locations.
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marine inﬂuence (sites 1–3) or with higher organic
contamination (site 9) along one edge and sites with
freshwater characteristics (sites 4–8 and 10–16) located on
the other. Detailed data about the abiotic factors for each
site are given in Table 1.
There were clear temporal diﬀerences in the density
(x2=81.24, P<0.01) and biomass (x2=66.93, P<0.01) of
P. amnicum among months (January 2005–August 2006).
Additionally, there were signiﬁcant diﬀerences at the
spatial scale in density (x2=36.05, P<0.01) and biomass
(x2=67.52, P<0.01) (Figs. 4(a) and 4(b)). Also, the
density and biomass of P. amnicum were signiﬁcantly
diﬀerent when comparing the periods before and after the
heat wave (July 2005), being the density (Z=7.99,
Fig. 2. Cumulative river ﬂows for the Minho River measured at Foz do Mouro hydrometric station. The black line represents
cumulative river ﬂows measured between October 2004 and September 2010 and the grey line represents mean values from 1990
to 2010.
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P<0.01) and biomass (Z=6.63, P<0.01) noticeably
higher before the heat wave. The maximum density and
biomass were 1144 ind.mx2 and 5.466 g AFDW.mx2,
respectively. Additionally, the number of juveniles was
signiﬁcantly higher in 2005 when compared with 2006
(Z=4.53; P<0.01) (Fig. 5). It is interesting to note that in
2005, juveniles were found from February to July, at
particularly high density in May and June, and that in
2006 juveniles were only found from April to June at a
very low density relatively to those found in 2005.
Regarding the data collected annually, which covered
an extensive area (ca. 30 km), it was clear that the species
had experienced a signiﬁcant decline in the density and
biomass along the years (Figs. 6(a) and 6(b)). Mean
density and biomass values in 2004 reached more than
80 ind.mx2 and 0.700 g AFDW.mx2, respectively, but in
2009 and 2010 these values declined to less than 1 ind.mx2
and 0.004 g AFDW.mx2, respectively. The maximum
density and biomass were 750 ind.mx2 and 7.420 g
AFDW.mx2, respectively. Moreover, the number of sites
colonized by this species substantially decreased along the
years, from a maximum of 8 in 2005 and a minimum
of 1 in 2009 (Fig. 7). On the other hand, mean density and
biomass of the invasive species Corbicula ﬂuminea,
although suﬀering a decline in 2005 and 2009, rapidly
recover to earlier density and biomass (Figs. 8(a) and
8(b)).
Discussion
The perturbation from more frequent extreme climatic
events can have a signiﬁcant impact on organisms, which
often is ecologically more relevant than ﬂuctuations in the
mean climate (Stenseth et al., 2002). As in the case of any
perturbation, extreme occurrences such as heat waves can
result in a sequence of two events: (i) the disturbance
marked by the application of the disturbing forces and (ii)
the response shown by the biota to the impacts generated
by the disturbance (Lake, 2000). The ecological conse-
quences of extreme climatic events have been described as
an important threat to freshwater macroinvertebrates
since these disturbing events have long been considered
important structuring forces that can act at the popu-
lation, community and ecosystem levels (Lake, 2003;
Daufresne et al., 2004, 2007; Mouthon and Daufresne,
2006). Aquatic ecosystems are especially vulnerable to
extreme climatic events because these disturbances alter
the ﬂow regime that ultimately will aﬀect the biotic com-
ponent of the ecosystem (Wood and Petts, 1999; Griswold
et al., 2008). Looking at the available data on river ﬂow
during the last 20 years, we can conclude that the values
observed in the Minho River during 2005 were clearly low.
The consequences of this low river ﬂow were particularly
straightforward during July, when the abiotic changes also
included a decrease in the redox potential and dissolved
oxygen with reverberating eﬀects on benthic species
(Sousa et al., 2008d). These changes were responsible for
a signiﬁcant and extremely rapid decline in P. amnicum.T
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The reasons for this trend still need to be tested, but it
seems that this population did not recover from the
impacts generated by the strong 2005 heat wave. Indeed,
afterwards this species was not able to reach similar values
of density and biomass prior to the heat wave and the
spatial distribution suﬀered a signiﬁcant reduction, nowa-
days being restricted to small patches in upstream areas.
The eﬀects of heat waves have been responsible for
profound and long-lasting eﬀects, resulting in population
declines, population bottlenecks and altering the course
of the species evolution (Humphries and Baldwin, 2003).
P. amnicum was signiﬁcantly aﬀected by the extreme
environmental conditions of the 2005 summer (e.g. high
temperature, very low river ﬂow, low redox potential and
low dissolved oxygen) that resulted in extremely high
mortality rates of the invasive Asian clam C. ﬂuminea
(Sousa et al., 2008d; Ilarri et al., 2011). In this lotic system,
an extremely high density and biomass of C. ﬂuminea exist
(Sousa et al., 2008a) and the massive mortality of this
invasive species released high amounts of nutrients that in
addition to the environmental changes resultant from the
heat wave caused massive mortalities of other benthic
species, including P. amnicum (Sousa et al., 2008d). This
situation was especially harsh in sites with ﬁne sediments
rich in organic matter, which are the preferential areas
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Fig. 4. Mean density (a) and biomass (b) of P. amnicum at monthly sampling sites 9, 11 and 12 (data pooled) from January 2005 to
August 2006. The conﬁdence bands represent standard deviations.
Fig. 5. Total number of juveniles (<4 mm) collected at monthly
sampling sites 9, 11 and 12 (data pooled) from February to July
of 2005 and 2006 in the Minho River TFWs.
R. Sousa et al.: Ann. Limnol. - Int. J. Lim. 47 (2011) 211–219216
for the settlement of P. amnicum (Sousa et al., 2008f).
However, even facing increasing mortality rates
P. amnicum still survived after the heat wave, but it has
been facing lower or inconspicuous recruitment along the
subsequent years. This situation was responsible for an
extensive declining trend and until now P. amnicum never
had a large recruitment and is facing a high risk of
extirpation due to prolonged decreases in reproductive
output. This failure in recruitment after 2005 was remark-
able and we do not possess the full explanation for this
fact. It is well established that P. amnicum has a very short
life cycle (not more than two years in this area; Sousa
et al., 2008b) and the low number of juveniles in 2006 was
probably an outcome of the lower physiological condition
resulted from the heat wave impact and this reduced the
capacity to generate a great number of larvae. Another
possible explanation could be related to the faster recovery
of the invasive species C. ﬂuminea that after suﬀering
a great decline in 2005 rapidly increased its density and
biomass on the subsequent years (Sousa et al., 2008c; Ilarri
et al., 2011). It seems that this invasive species reestab-
lished very quickly, enlarging and increasing its popula-
tion range and feasibility, thus enhancing its ability to
compete with the native species for space and/or food and
putting some problems to the recruitment of the native
bivalve species.
P. amnicum has been facing a rapid reduction in its
spatial distribution through the past three decades.
Qualitative data showed that in the 1980s this species
colonized all the Minho River TFWs (from sites 1 to 16 of
this study); however, after the introduction of C. ﬂuminea
(1989) the downstream area was the ﬁrst where
P. amnicum disappeared (Araujo et al., 1999). In addition
to the possible negative interaction between P. amnicum
and C. ﬂuminea, P. amnicum seems to be very sensitive to
higher conductivity (Sousa et al., 2008f). The construction
of several upstream dams over the last four decades and
climate change may decrease the ﬂow of fresh water to the
estuary, increasing the inﬂuence of sea water to upstream
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Fig. 6. Mean density (a) and biomass (b) of P. amnicum from
2004 to 2010 collected along the 16 diﬀerent sites in the Minho
River TFWs.
Fig. 7. Number of sites colonized by P. amnicum from 2004 to
2010 along the Minho River TFWs.
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to 2010 collected along the 16 diﬀerent sites in the Minho River
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areas and consequently intensifying the environmental
stress to this native population (Sousa et al., 2008f).
The Minho River functions as the southern European
limit of P. amnicum distribution and was once the
healthiest and largest population inside the Iberian
Peninsula (Araujo et al., 1999). The possible extirpation
of this species in the Minho River may also mean its
disappearance from the Iberian Peninsula. According to
Araujo et al. (1999) only the Orbigo River (Spain) had
a small but stable population in the 1990s; however, this
population has not been studied since. More striking is
that our study shows a substantial decline in very few
years, without any sign of recovery until now. Although
P. amnicum is a widely distributed species in the North and
Central Europe there are already several signs of declines
in density and spatial distribution. In a recent study,
Mouthon and Daufresne (2008) showed a similar trend
as described in this study on the Saoˆne River (France).
Indeed, these authors described a massive decline of
P. amnicum after the strong 2003 heat wave without any
sign of recovery in the subsequent years. Similar declines
could also be occurring in other European ecosystems
caused by extreme climatic events and/or others impacts
(e.g. pollution, introduction of invasive species, loss and/
or degradation of habitat and water regulation). However,
due to paucity of recent quantitative studies addressing
this question, the current status of P. amnicum in Europe is
not known.
In conclusion, freshwater molluscs have been facing
a great number of threats that have been responsible for
high rates of extinctions in the last few decades (Lydeard
et al., 2004; Strayer et al., 2004), and some extinctions
may be yet unrecognized. This study is an example of an
extremely rapid decline over a large spatial area. The
recovery of P. amnicum after the disturbance imposed by
the 2005 heat wave may take considerable time and in this
particular case it seems that this species is greatly depleted
being the ﬁnal result the possible extirpation from this
river and from the Iberian Peninsula if any conservational
measure is taken in account.
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